ABSTRACT: Accurate determination of molecular distances is fundamental to understanding the structure, dynamics, and conformational ensembles of biological macromolecules. Here we present a method to determine the full distance distribution between small (∼7 Å radius) gold labels attached to macromolecules with very high-precision (≤1 Å) and on an absolute distance scale. Our method uses anomalous small-angle X-ray scattering close to a gold absorption edge to separate the gold−gold interference pattern from other scattering contributions. Results for 10−30 bp DNA constructs achieve excellent signal-tonoise and are in good agreement with previous results obtained by single-energy SAXS measurements without requiring the preparation and measurement of single labeled and unlabeled samples. The use of small gold labels in combination with ASAXS read out provides an attractive approach to determining molecular distance distributions that will be applicable to a broad range of macromolecular systems.
M easurements of molecular distances are key to dissecting the structure, dynamics, and functions of biological macromolecules. While (Forster) fluorescence energy transfer (FRET) and electron (EPR) or nuclear magnetic resonance (NMR) techniques have provided invaluable details by measuring intramolecular distances, they suffer from a limited range (typically <10 nm) and difficulties in converting the measured signal into absolute distances or, better yet, complete distance distributions.
1−5 SAXS measurements employing gold nanoclusters as labels attached to DNA molecules have demonstrated their ability to provide information about the entire label−label distance distribution for a considerable range of distances ranging from 5 up to 40 nm. 1,2,6−9 The approach has provided a detailed view of DNA structure and flexibility, 1, 8, 9 revealed conformational changes of DNA upon protein binding, 7 and probed the conformational landscape of a complex RNA motif in response to solution conditions and protein binding. 10 The distance distributions are obtained by inverting the gold label−label scattering interference term. According to the Debye formula this interference pattern is given by 
where f Au (s) denotes the scattering factor for a gold nanocrystal and s is the magnitude of the momentum transfer s = 2 sin(θ)/ λ with λ as the X-ray wavelength and 2θ being the total scattering angle; d is the distance between the gold nanocrystals and P(d) is the center-of-mass distance distribution. Unfortunately, the scattering from a double-labeled macromolecule does not only contain the label−label interference term (eq 1) but also scattering contributions from the gold label and macromolecule alone as well as a gold−macromolecule interference term. So far, two approaches have been employed to separate the label−label interference term from the other contributions (intragold label, gold label−macromolecule, and intramacromolecule) to the measured scattering profile. In a first approach, each of the single-labeled and the unlabeled samples are measured in addition to the double-labeled macromolecule; from addition and subtraction of the appropriate profiles, the interference term can be determined. 1, 2 While this approach has provided unprecedented insights into the conformational ensembles of nucleic acids, 1,8−10 it requires preparation and measurements of several differently labeled samples for each measured distance distribution. Preparing separate samples of the single-and double-labeled macromolecule can be challenging or impossible if the sample cannot be assembled reliably from individually labeled components. In addition, the differencing procedure requires chemically nonequivalent molecules to adopt the same conformational ensembles and the concentrations or scattering intensities of the various samples need to be carefully matched to achieve the desired separation of scattering terms. A second approach relies on using relatively large (∼50 Å diameter) gold particles and neglecting the DNA and gold−DNA scattering terms. 6, 7 A drawback of this approach is the large size of the labels, which might perturb the conformational ensemble and limit its resolution. In addition, neglecting the macromolecule scattering as well as the gold−macromolecule term is problematic or unfeasible for large and strongly scattering macromolecules.
Here we present an alternative strategy to separating the gold label−label interference term and instead determine the intramolecular distance distribution based on the physics of anomalous small-angle X-ray scattering 11 (ASAXS). Our approach is based on recording scattering profiles of the double-labeled sample at different X-ray energies, scanning through a gold absorption edge. Close to an absorption edge, atomic scattering factors change rapidly with X-ray energy and take on the complex form
Away from the edge, the anomalous terms f ′ and f ″ are negligible and the energy independent term f 0 dominates.
11
Because the gold absorption edges are well separated from the elements that make up biological macromolecules (C, H, N, O, P), tuning through a gold absorption edge provides a way to significantly alter the gold scattering compared to the scattering contribution from the macromolecule. The dependence on Xray energy permits, therefore, separation of the gold−gold scattering terms from macromolecule and gold−macromolecule terms. 12 We demonstrate that our ASAXS approach enables the accurate determination of gold label−label distance distributions from measurements of double-stranded DNA constructs double-labeled with small gold clusters without the need to prepare and measure multiple molecular constructs or to use large gold labels.
We employed 10, 20, and 30 bp double-stranded DNA constructs double-labeled with 7 Å radius thio-glucose functionalized gold particles attached via thiol-chemistry as described previously 1,2,13 (see Supporting Information). ASAXS data were recorded at beamline 12-ID of the Advanced Photon Source 14, 15 ( Figure 1 and Supporting Information). Prior to measurements of DNA constructs, the X-ray energy was calibrated by inserting a thin (50 μm) gold foil into the X-ray beam and measuring the incident and transmitted X-ray intensity as a function of energy ( Figure 2 ). The data clearly indicate the position of the gold L-III edge at ∼11.9 keV and allow us to reference all measurements to the tabulated absorption data (http://henke.lbl.gov/optical_constants/; see Supporting Information). Similar measurements using the thioglucose passivated gold nanocrystals in solution instead of the gold foil confirm that the absorption edge of the gold clusters is identical within experimental error to bulk gold ( Figure 2 ).
Experimental scattering profiles for double gold-labeled DNA constructs recorded at different energies ranging from 200 eV below to 50 eV above the gold L-III edge exhibit clear and systematic changes with X-ray energy (Figure 3a and Figures S1−S3; see Supporting Information for details of the experimental and normalization procedures). To extract the gold label-gold label interference pattern from the scattering profiles recorded at different energies, we used a matrix inversion approach 12 based on the following relation (for a more detailed visualization see Figure S4 )
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Here the I i (s) are the scattering profiles recorded at energies i and the matrix I has dimensions (N E ·N s ) × 1 (where N E is the number of energies and N s is the number of s channels). The (N E ·N s ) × (3N s ) matrix T comprises precomputed matrices a i (s), b i (s), and c i (s) that are all N s × N s diagonal square matrices containing the energy-dependent label−label pair scattering factors, label−molecule pair scattering factors, and intramolecule pair scattering factors, respectively (see Supporting Information). The s-dependence of the a i (s) is given by the squared scattering factors for the gold labels that are approximated as spheres with a radius of 7 Å; similarly, the sdependence of the b i (s) is given by the (nonsquared) scattering factor for the gold labels ( Figure S4b,c) . The c i (s) have no explicit dependence on s, that is, they are constant for different values of s ( Figure S4d) . Importantly, this means that no 
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Letter DOI: 10.1021/acs.nanolett.6b01160 Nano Lett. XXXX, XXX, XXX−XXX B assumption about the shape of the molecule scattering term is required for our analysis. The energy dependence of the a i (s), b i (s), and c i (s) is given by the energy dependence of the atomic scattering factors for gold and for the atoms in the macromolecule, respectively. We note that this means that we have assumed knowledge of the average element composition of the labeled macromolecule, as is typically the case. However, given the very minor energy dependence of the atomic scattering factors for the elements that make up biological macromolecules in the energy range used ( Figure S4d , right panel), the energy dependence of the molecular term could be neglected without loss of resolution. Finally, G represents the (3N s ) × 1 vector of partial structure factors corresponding to the gold label−gold label (G Au−Au ), gold label−molecule (G Au−mol ) and molecule−molecule (G mol−mol ) terms. The vector of partial scattering factors G is obtained by (least-squares) matrix inversion of eq 3 as G = T −1 I. The gold label−label structure factor G Au−Au (s) was further processed 12 by subtracting a constant offset such that the mean level of oscillation approaches zero and by truncating at high s values as the signal-to-noise ratio decreases with increasing s.
We note that in principle scattering profiles at 3 different energies would be sufficient to determine G; however, using data at more (10 in our case) energies overdetermines the matrix equation (eq 3) and improves the signal. 16−18 It is difficult to give general guidelines on how many energies are required, as the results not only depend on the number of energies included, but also on the signal-to-noise of the measurements and on the positioning of the energies relative to the absorption edge. Nonetheless, model calculations on truncated data sets suggest that for our system going from 10 to 6 appropriately chosen energies leads to a loss of signal but still enables computation of meaningful gold−gold partial structure factors ( Figure S5) . Further reducing the number of energies or incorrectly selecting the position of the energies relative to the edge leads to a further reduction or even complete loss of signal ( Figure S5 ). Our current choice of 10 energies is a compromise of balancing the need to avoid radiation damage (which would be an issue if significantly more exposures would be recorded for the same sample) while achieving a good signal-to-noise ratio for the computed gold− gold partial structure factors.
The gold label−gold label structure factors G Au−Au (s) show characteristic oscillation patterns (Figure 3b ) and contain information about the label−label distance distributions. The distance distributions are obtained from the G Au−Au (s) by regularized Fourier transformation using a maximum entropy algorithm (Supporting Information). The distance distribution P(d) for the different DNA lengths all exhibit prominent approximately Gaussian peaks (Figure 3c, solid lines) . The center positions of the main peaks increase with increasing DNA length (Figures 3c and 4a and Table S1 ) and are well fit by a model that takes into account the off-center attachment of the labels (Supporting Information) yielding a rise per base pair of 3.23 ± 0.1 Å (Figure 4a ). The mean positions of the peaks determined in independent repeat measurements are within ≲1 Å (Table S1) , highlighting the exquisite precision of the method. The variance of the main peaks increases rapidly with DNA length and the dependence of the variance of the label−label distances on DNA length is well described (χ 2 = 0.61) by a quadratic dependence with a constant offset (Figure 4b , solid line). The constant offset was fit to be 1.5 Å 2 and prefactor of the quadratic term to be 0.063 Å 2 /bp 2 ; this observation is consistent with a model that assumes cooperative stretching of the helix 1, 19 where each base pair step contributes 0.25 Å to the standard deviation. Alternatively, fitting the dependence of the variance on DNA length to a linear dependence that includes a constant term yields fits that would imply large negative values of the variance at zero DNA length, which is unphysical. If we instead fit a linear dependence without an offset, we obtain a poor fit (Figure 4b , dashed line; χ 2 = 13.6). If the complete label−label variance is attributed to the stretch modulus of the DNA alone, the slope of the linear fit implies a value for the stretch modulus of S apparent ∼ 140 pN, considerably smaller than the value found in single-molecule stretching experiments.
20−22
The distance distributions obtained using the ASAXS approach ( Figure 3c , solid lines) are in excellent agreement with the results of prior measurements employing single-energy SAXS measurements and subtraction of single-labeled and unlabeled DNA contributions for the same DNA constructs and labels 1 (Figure 3c , dashed lines and Figure 4) . Therefore, our results provide a clear confirmation, through an independent experimental approach, of the surprising findings obtained previously using SAXS at a single X-ray energy.
In summary, we have used ASAXS measurements at different energies around the gold L-III edge to determine the full label− label distance distribution for gold nanoparticles attached to the ends of 10−30 bp long DNA constructs. Our results demonstrate that by using small (∼7 Å radius; ∼80 gold atoms) nanoparticles, the label−label term can be reliably obtained from ASAXS measurements, which was not possible in previous measurements using single atom labels. 23−26 Model calculations suggest that for molecules in the size range investigated here, even smaller gold labels than were used in this study, down to ∼20 atoms, would be sufficient to obtain interpretable gold−gold interference patterns ( Figure S6 ). Significantly larger molecules will require larger gold labels; to maintain an approximately constant level of relative anomalous scattering signal, the number of gold atoms in the labels should be increased proportionally to the number of atoms in the labeled molecule ( Figure S6 ).
Our ASAXS method has the advantage that only the doublelabeled sample needs to be prepared and measured and that it does not rely on intrinsic assumptions about the macromolecular scattering contributions being negligible; these properties will be particularly advantageous for macromolecular samples where selective labeling at only one position is difficult to achieve and/or that are strongly scattering. These advantages make our method reliable and experimentally attractive, yet it retains the full ability to provide absolute distances with angstrom resolution and precise distance distributions to evaluate the flexibility of macromolecular systems. While this proof-of-concept work uses gold-labeled DNA samples, we fully expect our method to be equally applicable to labeled proteins and to protein−nucleic acid complexes; similarly, other labels, such as silver and platinum nanoparticles, can provide equally attractive and orthogonal labeling options and might permit to measure several distinct distance distributions for one sample. 12 In conclusion, ASAXS provides a powerful new approach to determining intramolecular distance distributions for labeled biological macromolecules that we anticipate to provide new and quantitative insights into the structure, dynamics, and interactions of biological macromolecules.
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